Previous studies have identified anomalies of cortical visual processing in migraineurs that appear to extend beyond V1. Migraineurs respond differently than controls to transcranial magnetic stimulation of V5, and can demonstrate impairments of global motion processing. This study was designed to assess the integrity of intermediate stages of both motion and form processing in people with migraine. We measured the ability to integrate local orientation information into a global form percept, and to integrate local motion information into a global motion percept. Control subjects performed significantly better than migraineurs on both tasks, suggesting a diffuse visual cortical processing anomaly in migraine.
Introduction
A number of studies have identified differences in cortical processing in people with migraine when compared to non-headache controls. A variety of methods have been used including psychophysics (McColl & Wilkinson, 2000; Palmer, Chronicle, Rolan, & Mulleners, 2000; Shepherd, 2001; Wray, Mijovic-Prelec, & Kosslyn, 1995) electrophysiology (for review see Schoenen, 1998; and transcranial magnetic stimulation [TMS] (Batelli, Black, & Wray, 2002; Mulleners, Chronicle, Palmer, Koehler, & Vredeveld, 2001) . While there has been some conjecture in the literature regarding the exact nature of the underlying neural cause of these phenomena Boska, Welch, Barker, Nelson, & Schulz, 2002; Schoenen, 1998) there is general agreement that migraineurs demonstrate differences in cortical processing, and, that an enhanced knowledge of these differences may assist in our understanding of the migrainous process.
Many previous psychophysical studies measuring visual performance in migraineurs have used measures which presumably measure primary visual cortex (V1) function (for example: McColl & Wilkinson, 2000; Palmer et al., 2000; Shepherd, 2001; Wilkinson & Crotogino, 2000; Wray et al., 1995) . Study of V1 function has been motivated because migrainous visual aura is oriented and highly retinotopic (Grusser, 1995) . Recent studies using TMS suggest additional differences in neural function in the extrastriate cortical areas of individuals with migraine (Batelli et al., 2002; Fierro et al., 2003) .
Several studies have found that migraineurs perform more poorly than controls on global motion perception tasks (McKendrick & Badcock, 2004a; McKendrick, Vingrys, Badcock, & Heywood, 2001) . Normal global motion performance is dependent on intact information from early in the motion pathway as well as on normal processing in extrastriate visual cortical area V5. Evidence for the importance of V5 in the processing of global motion arises from neurophysiological studies in primates (Newsome, Britten, & Movshon, 1989; Pack, Berezovskii, & Born, 2001) , psychophysical studies where both primates and humans have lesions affecting area V5 (Baker, Hess, & Zihl, 1991; New- some & Pare, 1988; Schiller, 1993) and from functional imaging studies investigating human cortical areas active during the perception of motion (Greenlee, 2000; Paradis et al., 2000) . Both migraine with aura and migraine without aura groups (McKendrick & Badcock, 2004a) demonstrate an impaired ability to integrate local motion signals into a frontoparallel global motion percept. Given that TMS suggests anomalies in V5 in migraineurs (Batelli et al., 2002) , it seems plausible that the functional impairment on global motion tasks may result, at least in part, from abnormalities in V5, rather than purely from reduced or aberrant neural input to V5.
The cortical visual neural pathways are comprised of two major processing streams, often referred to as the dorsal and ventral pathways (for review see Croner & Albright, 1999; Ungerleider & Haxby, 1994) . These pathways have been traditionally considered to be anatomically and functionally separate (Croner & Albright, 1999) . The dorsal stream receives most of its projections from the magnocellular precortical visual pathway. After V1, neurons within the dorsal stream either project directly to the intermediate processing extrastriate area V5 (Movshon & Newsome, 1996) or project to V5 indirectly through V2 and V3 (Rosa, 2002) . This dorsal pathway is considered chiefly responsible for the processing of information about visual motion (for review see : Croner & Albright, 1999; Ungerleider & Haxby, 1994) . In contrast, the ventral stream receives most of its projections from the parvocellular precortical visual pathways, and, after V1, has substantial projections to V4, again through V2 and V3. The ventral stream is considered chiefly responsible for the processing of visual colour and form information (Croner & Albright, 1999; Ungerleider & Haxby, 1994) . The hierarchical organisation of the human visual system results in V1 processing predominantly local attributes of a visual stimulus, whereas neurons in extrastriate areas V5 and V4 are able to integrate local motion and form information, respectively, into more complex percepts (Gallant, Shoup, & Mazer, 2000; Newsome et al., 1989; Pack et al., 2001; . The traditional view of total separation between motion and form processing has been shown to be overly simplistic (Tolias, Keliris, Smirnakis, & Logothetis, 2005) as stimulus pattern structure can significantly influence perceived motion (Badcock, McKendrick, & Ma-Wyatt, 2003; Ross, Badcock, & Hayes, 2000) , and conversely, motion information can affect perceived form (Regan, 2000) . Nevertheless, the predominant processing of motion and form information appears to occur in the dorsal and ventral streams, respectively (Tootell, Tsao, & Vanduffel, 2003) .
Given that both TMS and psychophysical studies suggest anomalies of neural processing at the level of V5 in the dorsal pathway, we were interested in exploring whether similar differences could be identified at an analogous level of the ventral cortical visual pathway (V4). To address this question we measured the ability of people with migraine to integrate local orientation information into a global form percept, an ability that is likely to be mediated by neurons in area V4 (Wilson & Wilkinson, 1998; Wilson, Wilkinson, & Asaad, 1997) . In the same subjects, we also measured the ability to integrate local motion signals into a coherent motion percept. A generalised cortical hyperexcitability, such as has been proposed to exist in people with migraine, may result in an increase in neuronal noise. As the ability to integrate global motion yields a signal:noise ratio that is constant at threshold in the density range used here (Edwards & Badcock, 1994) , if hyperexcitability results in increased neuronal noise, we may predict that performance on global motion tasks may be impaired in migraineurs. Detection of coherence in Glass patterns (an analogous global form task used in our experiments) by normal observers also depends on the signal:noise ratio but in this case the threshold rises more slowly with increases in noise than in the global motion case (Badcock, Clifford, & Khuu, 2005) . We endeavoured to determine whether visual processing abnormalities in people with migraine exist for both global motion and global form tasks, implying a generalised anomaly of intermediate level cortical visual processing.
Methods

Subjects
Nineteen subjects with migraine participated in the study, including 10 migraine without aura (aged 24-42 years); and 9 migraine with aura (aged 21-36 years). A group of 16 non-headache controls was also recruited (aged 18-46 years). Control subjects were required to have never experienced a migraine and to be free from regular headaches. The mean ages of the groups were not significantly different (mean age: controls = 29.8 years; migraine without aura = 28.6 years; migraine with aura = 29.7 years: one-way ANOVA F (32, 1) = 0.10; p = 0.90). Psychophysical observation experience was approximately equivalent between the two groups. Four subjects in each of the migraine and control groups had previously participated in psychophysical experiments in our laboratory.
Subjects were required to meet the following visual and ocular health criteria: best corrected visual acuity of 6/7.5 or better, refractive errors less than ±5.00 diopters sphere and ±2.00 diopters astigmatism, normal anterior eye and ophthalmoscopic examination, intra-ocular pressures of less than 21 mmHg, no evidence of glaucoma, no history of diabetes or other systemic disease known to affect ocular function with the exception of migraine, and were not taking any medications known to affect visual field sensitivity or contrast sensitivity.
Migraine subjects were required to have migraine symptoms meeting the International Headache Society criteria (Headache Classification Committee of the International Headache Society, 1988) for either Migraine with Aura (MA) or Migraine without Aura (MO). Headache severity was assessed using the Migraine Disability Assessment (MIDAS) questionnaire (Lipton, Stewart, Sawyer, & Edmeads, 2001 ), a self-report measure that assesses an individualÕs migraine severity by the number of days that their headaches have prevented them from completing day-today activities. The MIDAS scores and classifications of subjects in the migraine groups are shown in Fig. 1 .
Migraine participants were tested at least 4 days after the cessation of all migraine symptoms to avoid possible transient effects caused by medication used to alleviate headache pain or fatigue associated with migraine. Most of the participants in the study were several weeks post-migraine at the time of testing. Migraineurs taking prophylactic abortive migraine pharmacotherapy were excluded from the study. All subjects provided written informed consent in accordance with a protocol approved by the University of Western Australia Human Research Ethics Committee and in agreement with the tenets of the Declaration of Helsinki.
Computerised visual assessment
Subjects participated in experiments designed to measure (1) global motion (GM) perception and (2) global form (GF) perception. The tasks were conducted within a test session of approximately 1.5 h duration (including a baseline ocular examination and clinical interview). The order of the two tasks (GM and GF) was randomised between participants.
Apparatus
Global motion (GM) and global form (GF) tasks were constructed using custom software developed using Matlab 6.0 (Mathworks, Natick, MA, USA) running on a Pentium III (900MHz) computer. The stimuli were transferred to a Cambridge Research Systems VSG 2/5 graphics card (Cambridge Research Systems, Kent, UK) for display on a gamma corrected Philips (Model GD-402) 21-in. grayscale monitor (100 Hz refresh rate). Subjects viewed the monitor from 40 cm using a chinrest to accurately maintain the viewing distance. Subjects wore a near-refractive correction if required and viewed the stimulus monocularly with foveal fixation. Performance was assessed for each subjectÕs preferred eye.
Task 1: Global motion processing
The ability to process coherent motion was assessed using random-dot motion sequences identical to those we have used previously (McKendrick & Badcock, 2004a) . The stimulus consisted of moving random dots in which a percentage of dots moved downwards (signal dots) while the remaining dots (noise dots) moved in random directions as illustrated schematically in Fig. 2 . To create the motion percept, an eight-frame movie sequence was displayed, where each frame was shown for 50 ms and there Fig. 1 . MIDAS scores for the nineteen individual migraine subjects. Migraine with aura subjects are shown as subjects 1-9 (unfilled circles), with subjects 10-19 being those without aura. was no interframe interval. In each frame of the movie, the dots moving in the signal direction were randomly chosen. This minimises the utility of local motion cues being extracted by tracking individual dots from frame to frame, hence necessitating global processing to determine the coherent motion direction at normal threshold levels.
The stimulus was a 10°circular patch containing 100 white dots (75 cd/m 2 ). Each dot was 8.6 min arc in diameter and was presented on a black background (0.5 cd/m 2 ). The remainder of the screen was also black. For each frame transition, the dots carrying the signal were displaced spatially downwards by 8.6 min arc (producing an effective velocity of 2.86°/s). Noise dots were displaced in random directions but the chosen direction was not permitted to be within 10°of the signal direction (so that no noise dots were moving in exactly the same direction as the signal dots). If the displacement moved the dots outside of the 10°circle they were randomly replotted within the circle on the next frame. Dots were not allowed to be signal dots if the necessary displacement would move them outside the borders of the circular aperture.
Stimuli were presented in a two-interval forced choice (2IFC) design. The subject heard a tone, and then a moving dot pattern was presented. After a 500 ms interstimulus interval, a second tone was heard, followed by a second stimulus presentation. One of the patterns contained a variable intensity coherent motion signal and the other only random motion. The subject was required to choose which of the presentation intervals contained the coherent motion. Seven coherent motion levels were interleaved within a single run (Method of Constant Stimuli, MOCS).
For each subject, approximate thresholds were first determined using a brief adaptive staircase, then these were used to determine the motion coherence levels to be included in the MOCS procedure. The staircase used the same 2IFC procedure as for the MOCS. The staircase started with a signal level of 50%. Three correct responses initially caused the percentage of signal dots to be decreased by 12% (staircase step-size), whereas a single incorrect response caused the signal dots to be incremented by 12%. The staircase step-size was halved on the first 2 reversals, and the staircase terminated after 4 reversals. The mean of the last 2 reversals was taken to approximate threshold. This 3-down, 1-up adaptive staircase procedure provides an estimate of the 79% correct performance level (Wetherill & Levitt, 1965) .
Task 2: Global form processing
Global form processing was assessed using Glass-Line stimuli. Glass patterns were originally described by Glass (1969) and are comprised of pairs of dot elements where the pairs are oriented in a systematic fashion to create a global form percept. Our Glass-Line stimuli were an adapted version of standard Glass stimuli and were comprised of 100 oriented lines (rather than dot pairs) of 8.53 min arc length placed randomly within a 10°circular aperture (Fig. 3) . The Glass-Line stimuli were based on concentric Glass patterns, thus the line segments comprising the ÔsignalÕ were oriented 90°relative to a line drawn from the centre of the stimulus. The line segments comprising the ÔnoiseÕ were oriented at random angles, although they were not permitted to be within 10°of the signal orientation to control the signal noise in each stimulus. For each presentation, the position of the signal and noise lines was randomly generated so that none of the stimuli were identical. The lines within the stimuli were permitted to cross. The same test procedure was used as for the global motion task.
Automated flicker perimetry
In addition to the global motion and global form tasks, we measured subjectsÕ contrast sensitivity to flickering targets using flicker perimetry. It has previously been reported that a subgroup of migraineurs exhibit visual field deficits at times between attacks, and flickering stimuli have been shown to be particularly effective at identifying these deficits (Lewis, Vijayan, Watson, Keltner, & Johnson, 1989; McKendrick & Badcock, 2004b; McKendrick, Vingrys, Badcock, & Heywood, 2000) . Interictal visual field deficits in people with migraine are often monocular or, if binocular, non-homonymous and hence, are consistent with an abnormality arising early in the visual pathways prior to V1. In this study, we measured flicker perimetric perfor- mance to determine whether flicker contrast sensitivity deficits were present in the areas of subjectsÕ visual field tested by the global motion and global form tasks.
Flicker perimetric performance was measured across the central 30°of the visual field using the Auto-Flicker test of the Medmont M700 perimeter (Medmont, Camberwell, Victoria, Australia). A detailed description of the perimeter and measurement of thresholds using this method can be found elsewhere (Vingrys & Helfrich, 1990) . The perimeter uses flickering stimuli that are spatially coincident with a luminance pedestal (luminance-pedestal flicker). The mechanisms underlying sensitivity to luminance pedestal flickering stimuli have been shown to be different to those determining the detection of stimuli that flicker above and below a mean luminance level (mean-modulated flicker) (Anderson & Vingrys, 2000 , 2001 .
Analysis
The data collected using the MOCS procedure were used to generate psychometric functions of performance for each subject for the global motion and global form tasks. Example curves for one control and one migraine subject are shown in Fig. 4 . Best fitting logistic functions Eq. (1) were found using the curve-fitting routines (Marquart-Levenberg algorithm) in Sigma Plot (SPSS, Chicago, IL, USA).
where a is the signal level where the stimulus is detected on 75% of the trials, and b provides a measure of the spread of the function (inversely proportional to the functionÕs slope).
Results
Flicker perimetric performance
Visual field performance can be summarised by global indices of perimetric performance. The Medmont perimeter returns two global indices: the Average Defect and the Pattern Defect. These indices have been described in detail elsewhere (McKendrick & Badcock, 2004b) , but briefly, the Average Defect indicates whether there is a generalized depression or elevation across the visual field, compared to the internal normative database of the perimeter; and the Pattern Defect indicates whether local asymmetries in an individualÕs visual field exist relative to the remainder of their visual field. Compared to the normative database of the perimeter (which will include some participants with migraine), 5 of our 19 migraine participants had statistically abnormal global indices. In all of these five subjects, visual field performance within the central ±6°of visual field was normal relative to the normative database of the perimeter.
To determine whether differences in flicker contrast sensitivity existed between our migraine and control groups, contrast sensitivity was averaged across the 12 stimuli presented in the 1°and 3°rings of the perimetric test. There was no difference in central visual field flicker sensitivity between the migraine and control groups (t (33) = 0.05, p = 0.96).
Global motion and global form perception
There was no significant difference in group mean performance between migraine with aura and migraine without aura subjects for either global motion or form tasks (GM: t (17) = À1.09; p = 0.29; GF: t (17) = À0.35, p = 0.73). This was consistent with our previous study of global motion perception in people with migraine (McKendrick & Badcock, 2004a) . Consequently, migraine with aura and without aura data were pooled for group comparison with controls.
As a group, migraineurs performed more poorly than controls on both the global motion and the global form tasks (see Fig. 5 ). This difference in mean threshold (parameter a from Eq. (1)) was statistically significant for both tasks (GM: t (33) = À2.18, p = 0.04; GF: t (33) = À3.73, p < 0.01). Effect sizes (Cohen, 1988) were determined to enable comparison of the magnitude of deficits on the GM and GF tasks. Effect sizes represent the difference between the migraine and control groups relative to the spread of the distribution of performance. Effect size (d) was calculated as
where
c Þ=2 and l m and l c are the migraine and control group means, and r m and r c are the standard deviations. The effect size for the GM and GF tasks was 0.73 and 1.40, respectively, indicating a greater deficit in migraine performance for the GF task than the GM task relative to controls.
Ocular disease has been shown to result in shallower slopes of psychometric functions for visual tasks (Chauhan, Tompkins, LeBlanc, & McCormick, 1993; Henson, Chaudry, Artes, Faragher, & Ansons, 2000; Spry, Johnson, McKendrick, & Turpin, 2001 ). This observation results presumably due to increased neuronal noise as a consequence of the disease process. We were interested in observing whether our migraine group similarly displayed increased internal variability in response relative to the non-headache controls (for example due to cortical hyperexcitability). The mean spread of the psychometric functions (parameter b in Eq. (1)) is shown for each group in Fig. 6 . The data show a trend for migraine participants to have a wider spread of their psychometric function (shallower slope) but this did not reach statistical significance within our sample (GM t (33) = À1.72, p = 0.10; GF t (33) = 0.69, p = 0.49).
Performance of individual subjects
While there was no significant difference in average flicker contrast sensitivity in the central test area between migraine and control groups, it is possible that individual performance on the flicker contrast sensitivity task may be related to that measured for the global motion task. Further analysis of the data did not reveal such a relationship between flicker contrast sensitivity and global motion thresholds for either migraine (Pearson Product Moment Correlation: pooled migraine group: r = 0.04, p = 0.89) or control subjects (r < 0.01, p = 0.98). This suggests that the reduced global motion perception of our migraine group was not due to either a subtle reduction in contrast sensitivity to simple flickering stimuli, nor can it be explained by a generalised decrease in performance on all tasks, such as, those associated with group differences in attention or aversion to the tasks. 
Discussion
This study has identified deficits in the visual processing of global motion and global form information in people with migraine at times between their attacks. The finding of deficits of global motion perception is in keeping with previous studies (McColl & Wilkinson, 2001; McKendrick & Badcock, 2004a; McKendrick et al., 2001) , and is consistent with abnormal neural processing in the dorsal visual stream, possibly at area V5. To our knowledge, this study is the first to measure the integrity of intermediate stages of form processing in individuals with migraine.
In this study, the perception of global motion and global form was measured. These tasks require the integration of local cues by neurons in the extrastriate visual cortical areas. While deficits on these tasks may reflect extrastriate neural functional anomalies, they may also arise due to a common neuronal locus in V1. We did not include tasks designed to assess V1 function specifically, so we cannot address this issue directly. Given that a number of studies have demonstrated abnormal cortical processing at V1, and that recent studies have shown differences in extrastriate processing between migraineurs and controls, perhaps the most parsimonious explanation for our findings is that there is widespread involvement of both the primary and extrastriate visual cortex in migraine.
Previous studies have demonstrated that some people with migraine show abnormalities in flicker contrast sensitivity that are likely to have a precortical origin . Hence, an alternate explanation for global processing deficits may be reduced input from the early visual pathways. In this study we found no difference in luminance pedestal flicker contrast sensitivity between our migraine group and controls in the area of visual field tested by the global tasks. Several migraine participants had peripheral losses of flicker sensitivity consistent with previous studies. We also found no relationship between individual subjectsÕ performances on the global motion task and flicker contrast sensitivity. Consequently, it appears that the reduced performance of the migraine participants on the complex visual tasks cannot be explained simply by reduced contrast sensitivity nor by differential levels of attention or visual aversion between groups. Previous studies have also found abnormalities in global motion processing in people with migraine with aura in the presence of normal performance on contrast sensitivity tasks (McKendrick & Badcock, 2004a; McKendrick et al., 2001) .
The current study demonstrated global motion perception abnormalities in migraine using a relatively slowly moving global dot motion stimulus. It has been established that there are at least two independent speed tuned systems for the detection of global motion (Khuu & Badcock, 2002) . Our stimulus clearly falls within the slow speed mechanism identified for global motion processing. We have previously assessed motion discrimination performance using grating stimuli drifting at both 1 and 8 Hz and did not find a difference between migraineurs and controls for either rate of drift . The same subject group demonstrated impaired performance on a global motion detection task similar to that employed here but where the dots were moving somewhat faster (6 c/ deg) .We have also found more pronounced flicker perimetric losses in migraine when stimuli are flickered at 9 Hz or above than with more slowly flickering stimuli (McKendrick et al., 2000) . Whether migraineurs show deficits on a wider range of motion tasks, and at higher speeds, is a topic for future study. A finding of more pronounced deficits using stimuli with faster speeds of motion would be consistent with our previous findings.
Our finding of decreased ability to detect both global motion and global form stimuli in people with migraine is novel, as it is the first to demonstrate perceptual anomalies in migraine on visual tasks requiring intermediate stages of form processing. This study contributes to converging evidence from TMS (Batelli et al., 2002; Fierro et al., 2003) , functional imaging (Hadjikani et al., 2001 ) and psychophysical studies (McKendrick & Badcock, 2004a ) that the influence of migraine on cortical neural processing is likely to extend beyond the primary visual cortex.
